1. Introduction {#sec1}
===============

Absorption of the photoelectric layer, Compton scattering, and pair production are the three main interaction processes that play a significant role in the measurement of gamma radiation [@bib1]. Among these processes, a multi-process high-order Compton scattering occurs because of the large amount of secondary radiation within the first encounter [@bib2]. In the study of the interaction processes of gamma rays, these radiations are often encountered moving singly toward the detector as scattered radiation. Therefore, studies have suggested that multiple Compton scatterings may create difficulties in data interpretation, and therefore, radiations that present single scattering within the same energy range are preferred \[[@bib2], [@bib3]\].

The detector essentially needs to be collimated and protected to restrict the incident rays that strike the detector and reduce the detection of the background scattering radiation caused by cosmic rays or by the terrestrial radiation itself. This process increases the signal-to-noise ratio (SNR) \[[@bib4], [@bib5]\]. A shield is required to protect the user against the scattered radiation. Total collimation is an experimental system that is a compromise between linking the collimation of a detector with a low count and SNR deterioration because inadequate collimation of a detector will generate a wide Compton peak. Thus, a higher contribution of scattered radiation is obtained within the peaks of a fluorescent element \[[@bib2], [@bib6]\]. Beam collimation at a sample effectively affects the sensitivity of an X-ray fluorescence (XRF) system. In addition to maximizing the sensitivity of an XRF system, the collimation and source--sample distance should be selected such that the irradiated volume is consistent with the volume viewed by the detector. This requirement reduces unnecessary doses to the subject and decreases the energy range of the detected Compton scattered photons \[[@bib7], [@bib8]\]. When a narrow beam geometry is performed, the multiple scattered photons are prevented from reaching the detector and so are not measured. But as the collimator size (half acceptance angle) is increased, the probability of multiple scattered photons reaching the detector increases.

Studies on XRF systems have used collimators with various sizes, shapes, and materials based on the concentrated element. For example, a collimator in front of a detector was made from copper with an inlet diameter of 20 mm. Brass and copper have been used rather than lead to overcome the limitations of platinum detection [@bib9]. Tungsten has also been used as a collimator material because of its maximum photon attenuation and higher potential for the separation of X-rays compared to lead [@bib7]. Collimator detectors made of brass, with an inner diameter of 25 mm, and of lead, with an opening diameter of 15 mm, have also been applied \[[@bib4], [@bib7], [@bib10], [@bib11]\]. Both primary and secondary beams have been collimated using lead cylinders with an inner diameter of 25 mm for the scattered beams in the primary collimation, while brass tubes with a diameter of 25 mm and length of 250 mm have been used for the scattered beams in the secondary collimation \[[@bib9], [@bib10], [@bib11]\]. Lead cylinders with a length of 125 mm are made of stainless steel. Thus, studies have emphasized the use of lead cylinders and brass tubes with inner and outer diameters of 25 mm and 45 mm, respectively [@bib12].

Several studies have shown the effects of a detector collimator and target thickness on the Compton scattering and K-series peaks through the use of different detectors, such as a sodium iodide (NaI), (Tl) and HPGe detectors \[[@bib3], [@bib6], [@bib7]\]. However, the effect of a detector collimator on the Compton scattering using a low-energy germanium (LEGe) detector has not been investigated.

X-ray fluorescence is widely used to analyse the elemental and quantitative elements of different types of materials [@bib13]. In addition, to study the attenuation of samples in the low-energy range, it is necessary to have a beam of radiation with discrete energies within this energy range. The XRF method can be used to determine the linear and mass attenuation coefficients of the samples [@bib14]. Therefore, there are some factors that affect the detector collimators, and the detector-source distance is a critical factor that must be measured accurately and carefully.

In this study, the effects of lead collimator shielding and geometric parameters, such as the size of the collimator detector, on the K-series of Palladium (Pd) and the scatter backgrounds in an XRF setup were determined. The SNR, Compton scattering, fraction dead time, and peak resolution, represented by the full width at half maximum (FWHM), were investigated.

2. Materials and method {#sec2}
=======================

The detector and source were set up and arranged within approximately 180° with respect to the backscatter geometry ([Fig. 1](#fig1){ref-type="fig"}). The detector was a LEGe Canberra GL0210R with the following specifications: active area, 200 mm^2^; active diameter and thickness of 16 mm and 10 mm, respectively; and a beryllium window with a thickness of 0.15 mm, and 195 eV at 5.9 keV resolution. The detector was cooled by liquid nitrogen. The preamplifier used was a resistive feedback (RC) Canberra 2002CP. An annular americium-241 (^241^Am) source was used as a gamma ray source, with radioactivity and energy of 100 mCi and 59.53 keV, respectively. This source was mounted on a lead holder, and it had three shutters consisting of a front lead shutter, facing the source, and two shutters (lead and aluminium) backing the source and facing the detector, respectively, to minimize the health hazards and background radiation [@bib15]. In this study, all the shutters were open to obtain the XRF spectrum of the sample. The detector head was well-covered using lead shielding, with a sufficient thickness to protect it against scattered X-rays and to reduce the background counts that may originate from nearby X-ray equipment or radioisotopes. A lead collimation plug was also placed in front of the detector to enable the detector to view only the irradiation volume of the Pd metal plate. Lead-lined walls surrounded the setup to protect the user against scattered X-rays.Fig. 1Experimental setup of LEGe detector, ^241^Am, the lead shielding and the collimation plug.Fig. 1

The photon spectra of the 241-Am gamma rays were recorded by increasing the distance between the source and the detector from 100 mm to 400 mm, while the distance between the source and the Pd metal plate was fixed at 30 mm. At the same time, a collimator with a diameter of 3 mm was used. LEGe detectors with and without collimator shielding were used in this step. The whole experiment was repeated by changing the size of the collimator and fixing the distance from the source to the detector and from the source to the Pd metal plate at 100 mm and 30 mm, respectively. These values were based on the nearest possible distance where the source and sample could be placed. Five collimators with diameters of 1, 2, 3, 4, and 5 mm and a fixed length of 50 mm were used to study the effect of the LEGe detector collimators on the Pd K-series and Compton scattering peaks. The Pd target was irradiated for 600 seconds, and the spectra were recorded and analysed using MAESTRO software. The temperature of the room was maintained at 22 °C by an air conditioner. The region of interest for the K~α1~ peak energies was determined from the results of the spectrum of the Pd target. The channel number that corresponded to the peak energy was recorded. Next, the value of the net area was recorded as the XRF spectrum of the Pd metal plate target.

3. Results and discussion {#sec3}
=========================

A collimator plug helped to effectively reduce the Compton scatter. However, as the diameter of the detector collimator was reduced, the scatter background decreased significantly, as shown in [Fig. 2](#fig2){ref-type="fig"}. According to the figure, the number of Compton scattered events increased with an increase in the diameter of the detector collimator. For a collimator plug with a diameter of less than 2 mm, there were less variations in the number of counts of the Pd K~α1~ and Pd K~β1~ peaks, but behind this collimator diameter there was a marked increase in the counts of the Pd K~α1~ and Pd K~β1~ peaks. The increase in the count rate of the Pd peaks was due to the fact that the height in the solid angle was subtended by the detector as the collimator opening increased. Thus, the XRF image of the Pd peak was obtained from an increased diameter of the collimator plug, which increased the acceptance angle of the front face of the LEGe detector.Fig. 2K~α1~, K~β1~, and Compton scattering peaks of the Pd metal plate with different collimator diameters (1, 2, 3, 4, and 5 mm).Fig. 2

3.1. Study of SNR {#sec3.1}
-----------------

An important parameter for obtaining the greatest sensitivity measurement, namely, the signal-to-noise ratio (SNR), was applied to detect the minimum radiation detector sensitivity [@bib7]. This concept is important for understanding the effect of the collimator plug of a detector on the quality of the radiation sensitivity control.

The SNR for the detection of minimum sensitivity is expressed as [Eq. (1)](#fd1){ref-type="disp-formula"}$$SNR = \ \frac{C_{Sample} - C_{bkg}}{C_{bkg}} \times 100\%,$$where $C_{Sample}$ is the rate of counting of the Pd sample, as well as background and *C*~*bkg*~ represents the rate of counting of the background without the Pd sample.

The SNR generally increased when a lead collimator plug was used. The ratios of the intensities of the Pd K~α1~ and Pd K~β1~ peaks to the background with a collimator plug increased significantly compared to without the use of a collimator plug ([Fig. 3](#fig3){ref-type="fig"}). In addition, [Fig. 4](#fig4){ref-type="fig"} shows that the collimator length and diameter had an impact on the SNRs of the Pd K~α1~ and Pd K~β1~ peaks, where the SNR increased with an increase in the length-to-diameter (L/D) ratio of the collimator.Fig. 3Observed signal-to-noise ratios with variations in Pd K~α1~ and K~β1~ with and without collimator plug versus distance from the source to the detector.Fig. 3Fig. 4Observed signal-to-noise ratio with variations in K~α1~ and K~β1~ versus ratio of collimator length to diameter (L/D).Fig. 4

A collimator plug with a large diameter resulted in a low SNR, which indicated a higher count of the background scattering compared to the single count of the Pd peak. The presence of a higher background scattering compared to a single XRF peak (Pd peak) was observed in [Fig. 4](#fig4){ref-type="fig"}. The SNR could be increased by decreasing the background scattering of the photons. This phenomenon was possible with the use of a detector plug with a narrow diameter, which was in agreement with the findings of previous studies \[[@bib6], [@bib16]\].

3.2. Signal-to-Compton scattering ratio {#sec3.2}
---------------------------------------

The ratio of a peak to the Compton scattering is the relationship between the potential count number at the peak [@bib17], ***N***~***x***~ at a channel, X, and the average count number, $\overline{Nc}$ of the Compton allocation that lies below the rise and in the direction of the Compton edge (American National IEEE Standard), as shown in [Fig. 5](#fig5){ref-type="fig"}.Fig. 5Determination of Peak-to-Compton scattering ratio from Pd spectrum.Fig. 5

It is evident from [Fig. 6](#fig6){ref-type="fig"} that the signal-to-Compton scattering ratio (SCR) increased with the use of a detector collimator plug compared to a detector without a collimator plug. On the contrary, the SCR with shielding was affected slightly by the distance between the source and the detector [@bib17]. The ratio of the maximum count of the Pd K~α1~ at channel 1113 to the average region of Compton\'s distribution (at channel 2400--2700) increased linearly with an increase in the length-to-diameter ratio of the collimator. The pulses generated by the incident radiation were collected and binned into channels according to their amplitude. The intensity of Pd at the K~α1~ peak decreased to such an extent as to eliminate the advantages of using the collimator. In addition, as shown in [Fig. 7](#fig7){ref-type="fig"}, when a collimator length (50 mm)-to-diameter (5 mm) ratio of 10 was used and the collimator was positioned in front of the detector, the Compton scattering at its peak intensity was higher than when a collimator with a diameter of 1 mm and a length of 50 mm (L/D = 50) was used. However, the SCR of the L/D = 10 remained smaller than the SCR of the L/D = 50, which led to the SCR being affected by the collimator diameter, in particular, and the shielding of the detector, in general. On the other hand, the SCR was higher for the collimator with a diameter of 1-mm than for the one with a diameter of 5 mm, where the fixed collimator length of 50 mm (L/D = 10) maximized the probability of the total absorption of the energy of the photons that were initially Compton-scattered within the detector. In fact, the collimator shielding of the detector with a larger SCR resulted larger SNRs and better counting statistics for the complex spectra.Fig. 6Peak-to-Compton scattering ratio measured with Pd K~α1~ as a function of distance from source to detector.Fig. 6Fig. 7Observed variation of peak-to-Compton scattering ratio for Pd K~α1~ with the collimator length to diameter ratio (L/D).Fig. 7

3.3. Peak resolution represented as FWHM {#sec3.3}
----------------------------------------

The FWHM values at the Pd K~α1~ and K~β1~ peaks with and without shielding were almost the same with slightly different source-to-detector distances ([Fig. 8](#fig8){ref-type="fig"}). This phenomenon was due to the fact that the photoelectric event exhibited the highest probability in the low-incident photon energy that was used (21.21 keV and 23.93 keV) for the Pd K~α1~ and K~β1~ peaks, respectively. The L/D ratio of the collimator had an impact on the FWHM and peak resolution. The FWHM values at the Pd K~α1~ and K~β1~ peaks depended linearly on the L/D ratio of the collimator ([Fig. 9](#fig9){ref-type="fig"}). A smaller collimator diameter with a collimator length of 50 mm reduced the divergence of the spectra, thereby increasing the peak resolution, as illustrated by the FWHM. This case could be seen clearly in the Pd K~β1~ peak because the FWHM of the Pd K~α1~ peak was not significantly affected in view of the L/D ratio of the collimator.Fig. 8Change in FWHM for Pd K~α1~ and K~β1~ peaks with and without collimator plug versus distance from source to detector.Fig. 8Fig. 9FWHM values of Pd K~α1~ and K~β1~ peaks as a function of collimator length-to-diameter ratio (L/D).Fig. 9

3.4. Fraction of dead time and uncertainty % {#sec3.4}
--------------------------------------------

The uncertainties in relation to the Pd K~α1~, Pd K~β1~ and Compton scattering peaks were almost linear and were connected to the L/D ratio of the collimator ([Fig. 10](#fig10){ref-type="fig"}). Increasing the L/D ratio of the collimator resulted in an increase in the uncertainties. This phenomenon was due to the decrease in the peak intensities with an increase in the L/D ratio of the collimator [@bib18]. The fractional dead time decreased with an increase in the L/D ratio of the collimator, indicating the effect of a reduced intensity. This characteristically resulted in a nonlinear reduction of the measured intensity with the intensity irradiated to the detector. In addition, an increase in the diameter of the collimator (smaller L/D ratio) with the incident intensity resulted in a considerable percentage of this intensity being lost during the measurement, thereby increasing the dead time, but with a smaller uncertainty (Figs. [10](#fig10){ref-type="fig"} and [11](#fig11){ref-type="fig"}).Fig. 10Uncertainties in peaks of Pd K~α1~, K~β1~, and Compton scattering as a function of the collimator length-to-diameter ratio (L/D).Fig. 10Fig. 11Decline of dead time with collimator length-to-diameter ratio (L/D).Fig. 11

4. Conclusion {#sec4}
=============

The shielding of a detector with different collimator diameters was investigated to minimize the effect of Compton scattering. A collimator with a smaller diameter and larger L/D ratio was able to increase the peak resolution and reduce the Compton scattering and fractional dead time. However, the percentage of uncertainty was higher, indicating a reduction in the intensity of the XRF beam on the detector. Moreover, this resulted in the SCR being affected by the collimator diameter, in particular, and the shield of the detector, in general, where, for a fixed collimator length, the SCR was higher for a collimator with a diameter of 1 mm than for one with a diameter of 5 mm. This was because with an increase in the size of the collimator, the detector was more exposed to scattered radiation.

The use of a detector with a collimator had positive effects on the SNR compared to a detector without a collimator plug. In addition, the SNR increased with an increase in the collimator length-to-diameter ratio, thereby indicating that there was a minimum multiple scattering background when a narrow detector collimator was used. This process can be utilised to improve the effect of focusing the measurement on a sample that is to be irradiated by XRF.
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